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A low-scale neutrino seesaw may be probed or even reconstructed at colliders provided that 
supersymmetry is at the weak scale and the LSP is a sterile sneutrino. Because the neutrino Yukawa 
couplings are small, the NLSP is typically long-lived and thus a significant fraction of colored or 
charged NLSPs may stop in the detector material before decaying to the LSP and a charged lepton, 
gauge boson, or Higgs. For two-body NLSP decays, the energy spectrum of the visible decay product 
exhibits a monochromatic line for each sterile sneutrino which can be used to extract the sterile 
sneutrino masses and some or all entries of the neutrino Yukawa matrix modulo phases. Similar 
methods can be used to extract these parameters from the Dalitz plot in the case of three-body 
NLSP decays. Assuming that the sterile sneutrino and neutrino are roughly degenerate, one can 
confirm the existence of a neutrino seesaw by comparing these measured parameters to the observed 
active neutrino masses and mixing angles. Seesaw spectroscopy can also provide genuinely new 
information such as the value of &13, the nature of the neutrino mass hierarchy, and the presence of 
CP conservation in the neutrino sector. We introduce a weak-scale theory of leptogenesis that can 
be directly tested by these techniques. 



I. INTRODUCTION 

The seesaw mechanism [T offers an exceptionally ele- 
gant explanation for the origin of neutrino masses. In its 
minimal incarnation — the so-called type I seesaw — the 
standard model is supplemented by three generations of 
sterile neutrinos, i^f , which couple via 



£ — Xiji 



1 



(1) 



At energies well below the sterile neutrino masses, M^, 
and the electroweak symmetry breaking scale, v, the ac- 
tive neutrinos acquire masses, m^, which are the eigen- 
values of the matrix 



(2) 



The active neutrino masses are stringently bounded by 
cosmological measurements [5] 



^TO, < 0.17 eV, 



(3) 



while experimental measurements of solar, atmospheric, 
accelerator and reactor neutrinos constrain the neutrino 
mass differences and mixing angles [3], 



willing to accommodate markedly smaller Yukawa cou- 
plings, Xij < 0(10^^). Considering that the electron 
Yukawa is 0(10^^), the low-scale seesaw is not terribly 
unreasonable. Small Yukawas notwithstanding, there is 
still a substantial "seesaw effect" at work in this regime, 
since the active neutrino masses are hierarchically smaller 
than the sterile neutrino masses. Furthermore, although 
thermal leptogenesis typically requires Mi > 10^ GeV, it 
is nevertheless possible to generate the observed baryon 
asymmetry in other models with near the weak scale 

A direct probe of the seesaw mechanism at colliders is 
considered impossible because the sterile neutrinos are ei- 
ther incredibly heavy or incredibly weakly coupled to the 
standard model. As a consequence, the seesaw is typi- 
cally constrained by very indirect probes, for example 
testing the Majorana nature via measurements of neutri- 
noless double /3 decay or lepton flavor violation, such as 
/i — > 67, in models with weak-scale supersymmetry. 

In this paper, we show that the seesaw may be di- 
rectly probed and in some cases reconstructed at collid- 
ers if there is weak-scale supersymmetry and the LSP is 
a sterile sneutrino. The superpotential is given by 
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(2.43 ±0.13) • 10"^ eV^ 



IAto^^I = (7.59 ± 0.20) • 10-^ eV^ 



sin2 26'i2 = 0.87 ±0.03 
sin^26l23 > 0.92 
sin2 26li3 < 0.15, 



(4) 



where Amf^- = mf — m'^. In the high-scale seesaw. 
Mi ~ IQ-'^^ GeV, allowing for order unity Yukawa cou- 
plings, Xij ~ C(l). On the other hand, the sterile neu- 
trinos can also be much lighter. Mi < 100 GeV, if one is 



where Mi is at or below the weak-scale in order to accom- 
modate a sterile sneutrino LSP. Throughout, we assume 
that supersymmetry breaking in the sector is highly 
suppressed, as occurs in gauge mediation^, so the sterile 
neutrinos and sneutrinos are essentially degenerate. 
Consider, for the sake of example, the case of chargino 



^ In this case the sneutrino decays to the true LSP, the gravitino, 
but as we will see our analysis will be unaffected by this point. 
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NLSP^, which decays to a lepton and a sterile sneutrino 
LSP via X* — > ^f'^j- '^^^ chargino lifetime, along with 
the nine branching ratios 



(6) 



are in direct correspondence with the magnitudes of the 
nine entries of the Yukawa coupling matrix. Further- 
more, the sterile sneutrino masses are directly related to 
the chargino mass and the energy of the outgoing lepton 
in the chargino rest frame through 



(7) 



Because \Xij\ and Mj are related to physical quantities 
that can, in principle, be measured directly, we are left 
with the remarkable prospect of actually reconstructing 
the origin of neutrino masses at colliders. At the order of 
magnitude level, the seesaw may be verified by measuring 



M 



0.1 eV, 



(8) 



in which A and M are representative values of the Yukawa 
coupling matrix and the sterile sneutrino masses. As 
we will see, similar statements can be made for squark, 
slepton, and gluino NLSPs. 

In what follows, we evaluate to what extent this ide- 
alized proposal might be realistically achieved at the 
LHC. Given existing measurements of the active neutrino 
masses, the decay of the NLSP to a sterile sneutrino LSP 
is typically displaced (7CT > 1 mm) or even long-lived 
{icT > 1 m) at colliders. In the latter case, metastable 
charged or colored NLSPs may actually be produced in 
supersymmetric cascades and stopped in the ATLAS or 
CMS detector apparatus [SHTU] . Precision measurements 
can then be employed to determine from the life- 
time and branching ratios of the NLSP, while Mi may 
be ascertained from energy spectrum of the decay prod- 
ucts. We dub this procedure seesaw spectroscopy. Simi- 
lar techniques have in the past been proposed as a sensi- 
tive probe of split supersymmetry [10] as well as very 
weakly coupled states like gravitinos [TT], axinos [T^ . 
goldstini [T31 [T3] , and dark matter [THl HB] . Our anal- 
ysis will address how stopped NLSPs might allow for the 
seesaw mechanism to be verified at collider experiments. 

In Section 2 we discuss the conditions under which 
the low-scale seesaw might be verified or excluded given 
measurements of the neutrino Yukawa couplings and the 
sterile sneutrino masses. We go on to discuss how these 
parameters might be realistically obtained from collider 
experiments in Section 3. Finally, in Section 4 we con- 
clude with a discussion of a remarkable version of weak 
scale leptogenesis — asymmetric freeze-in — in which the 
neutrino sector parameters relevant for the lepton asym- 
metry are directly accessible via seesaw spectroscopy. 
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FIG. 1: The lifetime and branching ratios associated with the 
chargino decay — >■ ifv'j can be used to determine |Aij|, 
while the lepton spectrum can be used to reconstruct Mj. 



II. SEESAW SIGNALS 

Due to R-parity the NLSP is required to have some 
non-zero decay width to sterile sneutrinos via the seesaw 
Yukawa couplings. In this section we show how exist- 
ing neutrino experiments can provide precise correlations 
which relate the NLSP lifetime and branching ratios to 
the sneutrino masses. For the moment, let us assume that 
these quantities can be successfully measured at collid- 
ers. We will show that this assumption is reasonable in 
Section 3. 

The decay width of a pure charged higgsino or left- 
handed slepton NLSP into sterile sneutrinos is given, up 
to phase space factors, by 



r(£± ^ h^v^) 
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where the slepton decay occurs through the supersym- 
metric trilinear Yukawa couplings, and j implicitly sums 
over kinematically accessible sneutrinos. In any realis- 
tic scenario, the NLSP will of course include some ad- 
mixture of states, in which case the decay width of the 
corresponding chargino or slepton will be dressed by the 
relevant mixing angles. Likewise, if the NLSP is a squark 
or gluino, then its decay will be mediated by an off-shell 
charged higgsino, and so its decay width will be sup- 
pressed by additional phase space factors and ratios of 
particle masses. 



A. Discovering the Seesaw 



2 While chargino NLSP is difficult to achieve in the MSSM [7], we 
consider it here for concreteness. 



The above formulae immediately allow for the follow- 
ing simple-minded, order of magnitude check of the neu- 
trino seesaw at colliders. The lifetime, r = P"^, and 
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branching ratios of the NLSP yield an indirect measure- 
ment of the entries of \Xij\. Moreover, Mi can in princi- 
ple be measured from the energy spectrum of the NLSP 
decay products. For the case of pure charged higgsino 
NLSP, 



B. Probing the Seesaw 



. 2 ^ /150 GcV\ /O.l eV\ /lO GeV 

cr ~ 1 mm x sm p 



M 
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so the decay length can be quite long. Note that for this 
order of magnitude confirmation we have inserted degen- 



erate values for A^, = Ai5i,-, Mi = M, and rrii 



such 



that A^v^/M = m ~ 0.1 eV, which is the natural scale 
expected for the active neutrino masses given Eq. (|3| and 
Eq. Q. This number is roughly the same for a pure left- 
handed slepton NLSP, but can be substantially greater if 
one includes additional mixing angles or if the NLSP is 
a squark or gluino. For example, gauge mediation typ- 
ically results in right-handed slepton NLSPs, enhancing 
the slepton NLSP lifetime by a factor of to? /m^± once 
left-right mixing is included. These long lifetimes allow 
for stopping charged or colored NLSPs in the detector, 
improving the reconstructability of the sterile sneutrino 
masses from kinematic measurements. 

Observing this order of magnitude relationship would 
provide substantial evidence for the seesaw as the origin 
of neutrino masses. That said, there are a number of 
important subtleties which one must address even in this 
simplest litmus test. 

For example, the NLSP may have additional decay 
channels beyond the sneutrino which dominate the full 
width. This is true in very low-scale gauge mediated su- 
persymmetry breaking, < 100 TeV, where the NLSP 
has a dominant decay width to gravitinos. In this sce- 
nario the overall scale of Xij is naively inaccessible be- 
cause r is fixed by the supersymmetry breaking scale, 
\/F, which is unrelated to the seesaw. Nonetheless, one 
can still measure the branching ratio of sneutrinos ver- 
sus gravitinos, in which case the overall scale of Xij can 
still be inferred and the above analysis applies. Alterna- 
tively, decays to gravitinos can easily be sub-dominant, 
requiring only \/F > 100 TeV. 

The story is also more complicated if the NLSP is a 
slepton. Typically, in this case only a single row of Xij 
is accessible from slepton NLSP decays, since the gen- 
erational index of the NLSP is fixed. However, some 
theories possess sufficiently mass degenerate slepton co- 
NLSPs |17j , in which case more information may be avail- 
able. 

In addition to the correlation between the active neu- 
trino mass scale and the NLSP lifetime, further evi- 
dence for the seesaw may be discovered by measuring 
the branching ratios of NLSP decays to each of the lep- 
ton flavors. The existence of large neutrino mixing angles 
suggests that one should measure roughly equal parts e, 
/i, and r arising from each sneutrino in the NLSP decays. 



Checking the order of magnitude validity of Eq. ( 10 ) 



would be an important first step towards performing pre- 
cision measurements of the seesaw mechanism at collid- 
ers. Of course, this coarse analysis disregards all of the 
fiavor information which can be extracted from a mea- 
surement of the full I Xij I matrix and the sneutrino masses 
Mi. Indeed, all seesaw parameters are accessible to ex- 
periment except for 1) the phases of the Yukawa cou- 
plings, aigXij, and 2) any Yukawa couplings or masses 
related to kinematically inaccessible sneutrinos. In the 
following section, we discuss how additional fiavor infor- 
mation can provide essential data about the neutrino see- 
saw. 

The measured values of | Xij \ and Mi can be combined 
to form an "effective" neutrino mass matrix 



k 
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where k sums over all sneutrinos lighter than the NLSP 
and tan/3 is assumed to be measured. Clearly, rhij is 
missing all information in the theory involving phases or 
kinematically inaccessible sneutrinos. In general, rhij 7^ 
TOij, the actual neutrino mass matrix, and consequently 
the neutrino masses and mixing angles derived from 771^^ 
will not match the observations of existing neutrino ex- 
periments shown in Eq. ^ and Eq. Q. However, in 
many cases the eigenvalues and mixing angles associated 
with rhij may be found to match mij. If this occurs, 
then the information provided in rhij can provide new 
and substantive information about the neutrino sector. 

For example, if all three sneutrinos are kinematically 
accessible from the NLSP decay and one discovers that 
rhij = ^ij identically, then this would indicate that the 
CP phases in the neutrino sector are negligible. This 
would be strong evidence that the neutrino Yukawa cou- 
plings respect CP symmetry. If this were true, then col- 
liders could provide unambiguous information about as 
of yet unknown quantities like ^13 or the nature of the 
active neutrino mass hierarchy! 

Alternatively, suppose that the heaviest active neu- 
trino mass is generated by integrating out the lightest 
sterile neutrino, vl- If the lightest sneutrino is the only 
sterile neutrino accessible in NLSP decay, so that only 
k = 1 contributes in Eq. ( 11 1, then the NLSP lifetime will 



be precisely correlated with rn^^j^ — a^/|Ato|^. Further- 
more, the ratio of r : /i : e events will be 0.5 : 0.5 : 6*^3. 
In this case, the phases in the neutrino Yukawa cou- 
plings may be rotated into the elements corresponding 
to the heavier sneutrinos, so that rhij ~ ™jj"7 up to 

corrections of C'C'T^sol/'^atm) where TOg^j = -^/j Ato|j^ |. 
Such measurements would convincingly demonstrate the 
weak-scale seesaw origin of neutrino masses and provide 
a measurement of the presently unknown angle ^13. 
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C. Excluding the Seesaw 

Collider measurements can be used to exclude the see- 
saw as well. For instance, consider a scenario in which 
the NLSP can decay to all three sterile sneutrinos. For 
concreteness, we assume a pure charged higgsino NLSP, 
although our discussion is easily generalized to arbitrary 
NLSP. The decay width may be rewritten as 



327r 



(12) 



where Ai are the real and positive semi-definite diagonal 
entries of the diagonalized Yukawa interaction matrix, 
{L\B))ij. The active neutrino masses are given by 



i ijkl 

- ^ ^ Mi Ml 

ijkl ■' 



(13) 
(14) 
(15) 



where the inequality in the second line arises fi'om the 
fact that every entry of a unitary matrix is bounded by 
unity, so \Rij\ < 1. Using this expression in Eq. (12) 
yields 
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Since the sum of active neutrino masses is bounded from 
below by measurements of jAmljl and the partial de- 
cay width of the chargino NLSP to sterile sneutrinos in 
Eq. ( 12 1 is constrained from above by the inverse lifetime. 



we obtain our final bound, 



(^M^i)-i < SlGeVxsin^/? 



200 GeV 



1 mm 

CT 



If the sncutrino masses are successfully measured and this 
inequality fails, then the physics being probed is not the 
origin of neutrino masses. Analogous bounds to Eq. ( 17) 



can of course be derived for alternative NLSP candidates. 



III. SEESAW SPECTROSCOPY 
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FIG. 2: Histogram of the lepton energy from — >■ for 
m^± = 150 GeV. The {purple, red, yellow} peaks correspond 
to the sterile sneutrinos at masses Mj — {50, 80, 100} GeV 
and the arrows correspond to the values predicted by Eq. ^ . 
We have taken (5£^± = 0.004£;^± . 



It has been shown [10] that upwards of 10^ long-lived, 
colored particles may be stopped each year at the LHC. 
Indeed, searches for such particles have already been 
performed [S], using dedicated triggers which detect de- 
cays occurring out of time with the beam. The afore- 
mentioned analysis considered the dominant interactions 
between the NLSP and the detector to be electromag- 
netic in nature, with the NLSP energy loss described by 
the Bethe-Bloch equation, and so it is equally applica- 
ble to both slepton NLSPs and squarks or gluinos which 
hadronize into charged particles. Since these squarks or 
gluinos must decay through an intermediate chargino, 
they will decay to a three-body final state, extending 
their lifetime by a three-body phase space factor and an 
off-shell propagator. As discussed above, slepton and 
chargino NLSPs will typically have their lifetimes ex- 
tended by left-right mixing and higgsino-wino mixing, 
respectively. Thus, we expect NLSP lifetimes to be suf- 
ficiently long in many cases to produce substantial num- 
bers of stopped particles. 

The exact number of stopped NLSPs is strongly de- 
pendent on the lifetime of the NLSP, which is in turn 
fixed by the nature of the NLSP and the mixing angles 
in the supersymmetric spectrum. In order to sidestep 
this model dependence, we will divide the remainder of 
our discussion according to whether a sizeable fraction of 
NLSPs is stopped or not. 



In this section we evaluate to what extent the NLSP 
lifetimes, branching ratios, and sncutrino masses might 
be realistically measured at the LHC. Assuming that the 
dominant decay channel of the NLSP is to sterile sneu- 
trinos, then Eq. ( 10 1 implies that the NLSP can easily be 



long-lived when one includes various mixing angles and 
kinematic factors. If the NLSP is charged or colored, 
then some fraction of them will be stopped inside the 
ATLAS or CMS detectors. 



A. Stopped NLSPs 

A large number of NLSPs will be stopped at LHC if 
the NLSP lifetime is sufficiently long. In this case the en- 
suing decays occur in the rest frame of the detector, and 
so the initial four-vector of the NLSP is known, assum- 
ing the NLSP mass has been measured by other means. 
Additionally, since decays from stopped particles occur 
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FIG. 3: Scatter plot of the quark and lepton energies from q — >■ 
qifC'j for rriq = 700 GeV. The {purple, red, yellow} points 
correspond to the sterile sneutrinos at masses Mj = {250, 
450, 550} GeV and the dashed lines correspond to endpoints 
analytically determined by the kinematics. We have taken 
SEg = OmSEq and 5£;^.± = 0.0Q4£^± . 



FIG. 4: Histogram of the invariant mass of the outgoing quark 
and lepton from q — >■ qx^ — >■ qify'j for = 600 GeV and 
m^± = 200 GeV. The edges correspond to sterile sneutrinos 
at masses Mj = {20, 100, 160} GeV. 



out of time with respect to the main coUision events, we 
expect signals from such decays to be exceptionally clean. 

If the NLSP decay is two-body then the visible decay 
product will be monochromatic with an energy uniquely 
fixed by the NLSP mass and the sneutrino mass, as shown 
for the case of chargino NLSP in Eq. Q. In this case each 
sneutrino decay product will produce a separate peak in 
the energy spectrum of the outgoing lepton. 

In many cases it should be easy to distinguish the 
peaks corresponding to each sneutrino, even assuming 
uncertainties in the energy measurement of the outgoing 
charged lepton, gauge boson, or Higgs. Fig. ^ shows a 
histogram of the energy spectrum of the outgoing lepton"^ 
arising from the decay of a chargino NLSP, ~^ ^f'^j- 
By measuring the central value of each peak, one can 
reconstruct the mass of each corresponding sneutrino. 
Likewise, by counting the total number of events within 
each peak and tagging the flavor of if, one obtains the 
branching ratio BR(x* ~^ ^f^'j)^ and hence the value of 
each entry of | Ajj | . 

Due to the small uncertainty in the lepton energy res- 
olution, the dominant error in measuring the sneutrino 
mass by this method comes from uncertainty in the NLSP 
mass, 5Mj « 5mj^± (mj^± — i5^± ) /Mj . Additionally, cos- 
mic rays provide a significant background to these events. 
As a result, current searches veto on reconstructed muons 
in the final state; however, for the purposes of recon- 
structing the seesaw, it will be necessary to distinguish 
cosmic ray muons from muonic NLSP decays. 

If the NLSP decays to a three-body final state, then 
the analysis is slightly more involved. For example, con- 



^ Representative values for the energy uncertainties in Fig. |2| and 
Fig. ([sf are taken from the ATLAS TDR. 



sider the case of a three-body decay of a squark NLSP, 
q — >■ qifh'j, via an off-shell chargino. While the quark 
and lepton energies are not monochromatic, they are con- 
strained by kinematic endpoints dictated by the mass of 
the squark and sneutrino. For example, Fig. ([s]) depicts a 
scatter plot of quark and lepton energies from the squark 
NLSP decay. As expected, one obtains three distinct 
bands corresponding to the decay of the squark to each 
sneutrino. As in the two-body case, it should be possible 
to distinguish between these bands for a broad range of 
theories. If this is the case, then the shape and location of 
each band can be used to determine the mass of the cor- 
responding sneutrino, and the number of events in each 
band along with the flavor of the outgoing lepton can 
provide the associated branching ratio, BK{q — > qlfv'^). 
Note that even in the case where the bands overlap, it 
may still be possible to distinguish them since there is 
additional information in the number of events in each 
band. For example, for a constant matrix element, the 
bands will appear as three distinct plateaus, each sitting 
atop the next. 



B. Non-Stopped NLSPs 

If the NLSP is too short-lived to be efficiently stopped, 
then it will typically be moving when it decays. In this 
scenario the initial four-vector of the NLSP is unknown, 
so event reconstruction is a greater challenge. Nonethe- 
less, if the NLSP arises from a cascade decay, then kine- 
matical information from the entire cascade can be used 
to reconstruct the sneutrino masses. 

For example, for a squark to chargino to sneutrino cas- 
cade decay, q — qx^ — ?► q£fDj, there is a distinct edge 
in the invariant mass constructed from the quark and 



6 



lepton which occurs at 

■ 

As shown in Fig. Q, each sneutrino edge may be visible 
in the w^^i spectrum and it may be possible to recon- 
struct the branching ratios of the NLSP as well as the 
masses of each sneutrino. 

Nevertheless, there is some subtlety required in mea- 
suring the ?Ti^^± spectrum. Since each chargino decay 
is displaced, one can efficiently identify the associated 
leptons by selecting for hard leptons displaced from the 
primary vertex. On the other hand, there are intrinsic 
combinatoric jet backgrounds which remain even after 
cutting on soft jets in the event. If the NLSP decays are 
truly two-body, it may be possible to mitigate problems 
associated with jet combinatorics by considering only the 
lepton spectrum and the missing transverse momentum. 
Techniques based on the Mt2 kinematic variable [T5] 
could provide a measurement of the sneutrino mass inde- 
pendent of both the jet kinematics and the NLSP mass 
in cases where the NLSP is pair produced. Note that 
because these measurements do not require stopped NL- 
SPs, they apply to the left-handed sneutrino NLSP as 
well as charged and colored NLSPs. 

IV. CONCLUSION 

In this paper we have discussed the possibility of see- 
saw spectroscopy at colliders: a procedure whereby de- 
tailed information concerning the masses and mixing an- 
gles of the neutrino sector might be directly extracted 
from the decays of long-lived NLSPs. Given the robust- 
ness of this probe, this proposal naturally begs the ques- 



tion: might seesaw spectroscopy be used as a tool to 
study the origin of the cosmological baryon asymmetry 
via leptogenesis? 

Such an ambitious endeavor is not possible in many 
theories, including standard high-scale thermal leptoge- 
nesis, since Mi > 10^ GeV [T^. Soft leptogenesis via CP 
violating mixing of sterile sneutrinos allows significantly 
lower values of Mi, but still very much larger than the 
weak scale [201 HI]- Soft leptogenesis with Mi of order the 
weak scale is possible via CP violating decays of sterile 
sneutrinos j5] , and weak scale leptogenesis can also result 
from the decay of sterile sneutrino condensate formed 
during inflation [3]. However, in both these cases the 
LSP is a standard model superpartner and not a sterile 
sneutrino, so there can be no seesaw spectroscopy signals 
of long-lived NLSP decays to sterile sneutrinos. Reso- 
nant leptogenesis can occur at the weak scale [5] but the 
size of the asymmetry is linked to the very high degener- 
acy of the Mi which again cannot be probed via seesaw 
spectroscopy, even if the theory is supersymmetric. 

On the other hand, a reconstructable theory of lep- 
togenesis is possible at weak-scale temperatures if the 
NLSP decays to LSP sterile sneutrinos. This asymmet- 
ric "freeze-in" mechanism is more or less identical to the 
one investigated in [21] using the superpotential interac- 
tion LiXHu, with X re- interpreted as N^. The lepton 
asymmetry produced in decays of superpartners to final 
states involving £iDj is proportional to |A.yp sm(j), where 
the CP phase arises from soft supersymmetry breaking 
interactions which might be probed indirectly through 
electric dipole moments. As a consequence of Eq. (|9|, 
the parameter \Xij\ can actually be experimentally ac- 
cessed via seesaw spectroscopy. We leave a more thor- 
ough investigation of this remarkable scheme of low-scale 
leptogenesis for future work [23]. 
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